The hydrolysis of phosphate esters by a mutationally altered alkaline phosphatase from Escherichia coli was studied by both steady-state and transient-kinetic methods. The difference between the catalytic-centre activities of the mutationally altered and the wild-type alkaline phosphatases was found to vary with pH and at optimal pH values the modified enzyme had the higher activity. Stopped-flow experiments at acidic pH values showed that transient product formation by the jnutationally altered enzyme was faster than that with the wild-type enzyme whereas the rate of the steady state was slower. In the alkaline pH region, the transient was observed in the reaction of only the modified enzyme and not the wild type. These observations permit a fuller characterization of the individual steps in the catalytic mechanism of alkaline phosphatase than is possible by study of only the wild-type enzyme.
There has recently been some discussion over the correct mechanism for the catalytic reaction of the alkaline phosphatase (EC 3.1.3.1) from Escherichia coli (see review by Reid & Wilson, 1971) . Most of the proposals have involved a similar series of intermediates, including a substrate-induced conformation change of the protein (Halford et al., 1969) before the cleavage of the phosphate ester and the subsequent formation of a phosphorylated enzyme (Schwartz, 1963) . But the contribution of the individual steps to the overall kinetics of the reaction remains disputed. Further conflict has been generated by different interpretations of the observation that the number of simultaneously active sites in alkaline phosphatase has always fallen short of the number of protein subunits in this oligomeric enzyme. E. coli alkaline phosphatase generally exists as a dimer of two identical subunits (Rothman & Byrne, 1963) . However, measurements by a variety of techniques have indicated that there is only one active site/dimer functioning at any one time even though the enzyme has potentially one site/subunit (Applebury et al., 1970; Halford, 1971 , and references therein). A more recent study has since re-estimated the active site stoicheiometry as 1.5 per dimer (Bloch & Schlesinger, 1973 , 1974 .
The study of mutational variants of an enzyme has potential for characterizing the individual steps in the reaction mechanism of that enzyme. Should the mutational alteration lower the rate constant for one step within the mechanism, the concentration of the Vol. 141 intermediates before that step would build up to higher values than in the corresponding reaction of the wild-type enzyme, thus facilitating their identification. The procedure is analogous to the wellestablished use of mutant bacteria in the elucidation of metabolic pathways. One mutationally altered alkaline phosphatase (from an E. coli strain noted as S. 19) was found to undergo the conformation change within the catalytic turnover at a rate one-tenth of that of the wild-type enzyme, though no other process in the mechanism was affected (Halford et al., 1972b) . Since the conformation change is an early step in the pathway, we decided to examine a different enzyme in which the mutation caused a decrease in the rate of a later step.
E. coli U.47 is a phosphatase-negative strain that carries a point mutation in the structural gene for this enzyme (Garen, 1960) . This strain produces a protein antigenically related to wild-type alkaline phosphatase but without its catalytic activity. When isolated from the cells, the protein was found to lack zinc (Schlesinger, 1966; Harris & Coleman, 1968) ; zinc, tightly bound to the enzyme, is essential for the activity of alkaline phosphatase. However, the inactive protein from the U.47 strain could be activated by incubation with high zinc concentrations at pH values close to neutrality (Schlesinger, 1966 The suppliers of 4-nitrophenyl phosphate and 2,4-dinitrophenyl phosphate and the methods by which the extent of their hydrolyses were determined from the extinction coefficients and the pKa values of the parent phenols were given by Trentham & Gutfreund (1968) . 4-Methylumbelliferyl dihydrogen phosphate was purchased from BDH Chemicals Ltd., Poole, Dorset, U.K. The liberation of 4-methylumbelliferone was monitored by either fluorescence (see below) or absorption spectrophotometry; the latter was done at 365nm where neither the neutral form of 4-methylumbelliferone nor the ester absorb and e = 1.74x 104M-1 m-1 for the anion with a pKa of 7.7. This extinction coefficient was measured both directly on 4-methylumbelliferone obtained from Ralph Emmanuel Ltd. (Alperton, Middx., U.K.) and also after enzymic hydrolysis of the phosphate ester; the value differs markedly from that reported by Chen (1968) . All chemicals were of analytical or reagent grade and were used without further purification. Water was double glassdistilled.
Enzyme preparations
Mutationally altered alkaline phosphatase was isolated from E. coli C10.F18 (Schlesinger, 1966) . The C1O.F18 strain carries the same structural gene for alkaline phosphatase as the U.47 mutant, but synthesizes the alkaline phosphatase protein constitutively (Fan et al., 1966) . The U.47 strain was originally isolated as a phosphatase-negative mutant of E. coli K.12 (Cavalli) after mutagenesis by u.v. irradiation (Garen, 1960) . The production of an inactive alkaline phosphatase protein was characterized by the immunological cross-reaction of an extract from the C1O.F18 cells with antibodies directed against the wild-type enzyme. Like the wildtype enzyme, the alkaline phosphatase protein was released from the mutant cells by osmotic shock and then purified by chromatography on DEAEcellulose and filtration through Sephadex G-100 (Schlesinger, 1966 (Schlesinger, 1966) .
Wild-type alkaline phosphatase was prepared from E. coli CW 3747 by methods described previously (Schlesinger & Olsen, 1970) . The CW 3747 strain is magno-constitutive for the production of alkaline phosphatase and carried the same structural gene for this enzyme as E. coli K.12 (Fan et al., 1966 Gutfreund, 1972, p. 180) . This device provides a continuous record of the extinction difference before and after mixing the two solutions in terms of the absolute absorbance changes.
Fluorescence measurements were taken with the differential stopped-flow fluorimeter designed by D. W. Yates (see Bagshaw et al., 1972) . The 4-methylumbelliferone was excited at either 325nm (for reactions at pH values below 7.5) or 365nm (at higher pH values) and the emission observed through a combination of two Wratten filters (nos. 2B and 34). The fluorimeter signal, calibrated on the fluorescence of a known concentration of 4-methylumbelliferone, was found to be linearly dependent on the concentration of the fluorescent reagent. In a control on the calibration, the final signal from the fluorescence of 4-methylumbelliferone after the total enzymic hydrolysis of 4-methylumbelliferyl phosphate was measured and found to correspond to within 10% of that from the same concentration of a 4-methylumbelliferone standard.
All stopped-flow experiments were carried out at room temperature (21+±2C). The experiments were conducted by mixing enzyme in 0.01M-Tes-0.10M-KCl-0.1 mM-ZnCl2, pH 6.8, with substrate in 0.1 MTris-acetate buffer close to the required pH. (Trisacetate buffers were adjusted to the requisite pH by titrating 0.1 M-Tris base with 0.1 M-acetic acid.) The final pH of the reaction mixture was measured on the effluent from the stopped-flow apparatus. It has been shown previously that the pH jump applied to the enzyme has no effect on the kinetics of the reaction at the final pH (Halford, 1971) . The possibility of tetramer formation during the incubation of the enzyme with 0.1 mM-ZnCl2 is remote because the pH of the incubation mixture is too low to support tetramerization (Halford et al., 1972c) . Concentrations of enzyme were of the order of 0.01-0.2O0uM for stopped-flow fluorescence and 5pM for stopped-flow absorption work and substrate concentrations were adjusted to be sufficiently in excess of the enzyme concentration to saturate it. The reactions were monitored by recording on a storage oscilloscope the signal (proportional to either extinction or fluorescence changes) generated by the release ofthe alcohol or phenol from the phosphate ester. Methods for the evaluation of the kinetic parameters from oscilloscope Vol. 141 records of stopped-flow experiments were described by Halford (1971) .
Results

Steady-state kinetics
The steady-state rates of the hydrolysis of 2,4-dinitrophenyl phosphate by either the wild-type or the mutationally altered U.47 alkaline phosphatases were measured over a range of pH values from 5.0 to 10.0 (Fig. 1) . At the lowest pH values, the catalytic centre activity of the U.47 enzyme was found to be lowered by a factor of about three from the wild-type value at the same pH. The difference between the activities ofthe two enzymes diminished as the pH was raised and at pH 10 the U.47 enzyme displayed a twofold higher catalytic-centre activity than the wild-type. The catalytic-centre activities reported here reflect the maximal velocities. The values have been corrected for the non-enzymic hydrolysis of 2,4-dinitrophenyl phosphate, which in the worst case (the U.47 enzyme at pH 5.0) amounted to 30% of the enzyme-catalysed rate.
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Transient kinietics
The stopped-flow fluorimeter was used to study the hydrolysis of 4-methylumbelliferyl phosphate by both U.47 and wild-type alkaline phosphatases at enzyme concentrations high enough so that the release of an equal concentration of product could be readily detected. All experiments were carried out with substrate in excess of enzyme and were repeated over a range of substrate concentrations until saturation was achieved. To facilitate thecomparison, the reactions of both enzymes were studied in parallel even though the behaviour of the wild-type enzyme has already been documented (Fernley & Walker, 1966; Trentham & Gutfreund, 1968 When the hydrolysis of the substrate was studied in the stopped-flow fluorimeter at pH values between 7.0 and 8.5, a qualitative difference was noted between the two alkaline phosphatases. The reaction of the mutationally altered enzyme at pH7.0 still contained a transient phase of product formation whereas the liberation of product by the wild-type enzyme appeared to proceed at the steady-state rate from zero time (Fig. 2) . However, a closer examination of the initial portion of the wild-type reaction on records taken at higher sensitivity than Fig. 2(b) (Halford et al., 1972a,b) . Both the U.47
Vol. 141 and the S.19 strains carry point mutations in the structural gene for alkaline phosphatase, but at different locations in the genetic map (Fan et al., 1966) . Both enzymes are obtained from their respective cells as inactive zinc-free proteins, but with the dimeric subunit structure of the wild-type enzyme (Schlesinger, 1966; Halford et al., 1972a) . However, the S.19 apoenzyme exists in a metastable state with only a kinetic barrier against the uptake of zinc at neutral pH and eventually forms a stable metalloenzyme whereas the U.47 enzyme simply has a low affinity for zinc. If an estimate of the association constant of the U.47 enzyme for zinc is made from theminimum zinc concentration needed for activation (>10,pM) and then compared with the association constant of the wild-type enzyme for zinc, as determined by Csopak (1969) , it is found that the U.47 mutation has decreased the affinity of the protein for the metal by a factor of 106. The two mutations also produce different effects on the gross conformation of alkaline phosphatase. The circular-dichroic spectrum of the activated S.19 enzyme is identical with that of the wild-type enzyme (Halford et al., 1972b) , but the U.47 enzyme differs in this respect (Applebury & Coleman, 1969) . A structural difference between the U.47 and the wild-type enzymes in the immediate environment of the bound metal is demonstrated by the visible absorption spectrum of cobalt after its replacement of the zinc in these enzymes (Applebury & Coleman, 1969) .
Discussion of the altered activity in the U.47 enzyme requires the evaluation of the individual rate constants in the catalytic mechanism (eqn. 1): E+ROP = EROP -2 + E-P -k-3 > E+P1 + ROH (1) (ROP represents the phosphate ester which is cleaved to the alcohol, ROH, with concomittant formation of a phosphoryl-enzyme intermediate, E-P.) Eqn.
(1) provides an adequate framework for the comparison of the kinetic parameters of the mutationally altered and the wild-type enzymes. However, it is known to be an oversimplification of the mechanism of alkaline phosphatase since it includes fewer intermediates than have already been identified in the pathway (Reid & Wilson, 1971) . For instance, the constant k2 properly describes a conformation change before the rapid bond-breaking step and it is the conformation change that limits the rate of formation of the phosphoryl-enzyme intermediate (Halford et al., 1969; Bloch & Schlesinger, 1973) . Thus the rate constants evaluated by reference to eqn. (1) may reflect different chemical processes in the detailed mechanism from that indicated in the simpler scheme. But Halford, 1971) .
The individual rate constants in eqn. (1) may be evaluated from stopped-flow records of product formation, such as shown in Fig. 2 , by the methods described by Gutfreund (1972, p. 200) . The amplitude of transient product formation (7r) is given by the relation:
where [Eo] is the concentration of active sites participating in the reaction. When k2 > k3, the amount of product formed during the transient phase will be equal to the concentration of functional active sites and thus, if the latter is unknown, provides a means for its evaluation. Throughout the present study, the active-site concentrations of enzyme solutions have been determined by this method and the values thus obtained used in the calculation of kcat. from the steady-state velocities. If k2<k3, the amplitude of transient product formation becomes very small and the stopped-flow records show only a linear steady state whose rate is limited by k2. In this situation, the rate constant for the dephosphorylation of the phosphoryl-enzyme (k3) cannot be determined from the kinetics of alcohol liberation. However, for the wild-type alkaline phosphatase, estimates of k3 are then available from quenched-flow experiments on the dephosphorylation of the phosphoryl-enzyme formed at low pH values and then mixed with buffer at higher pH values (Aldridge et al., 1964) . These procedures are only valid for reactions at saturating concentrations of substrate and this condition was maintained in these experiments.
The rate constants, k2 and k3, were evaluated from the stopped-flow records of 4-methylumbelliferyl phosphate hydrolysis by both the U.47 and the wildtype alkaline phosphatases at each pH value examined (Fig. 3) . With both enzymes it was found that the values of k2 were more or less independent of pH whereas the values of k3 increased linearly over three logarithm units with increasing pH. But throughout the pH range the estimates of k2 from the reaction of the mutationally altered enzyme were greater by a factor of 2 than those from the wild-type reaction. Moreover at every individual pH value, the estimate of k3 from the reaction of the U.47 enzyme was lower by a factor of 4 from that in the wild-type reaction. For both enzymes, it can be seen from Fig. 3 that k2>k3 in reactions at pH values below 7 and that k2<k3 at pH values above 8.5. Thus, under the conditions when the steady state is determined primarily by k3 (acidic pH values), the catalyticcentre activity of the U.47 enzyme is lower than that of the wild-type. Conversely, under conditions when the steady state is largely determined by k2 (pH values above 8.5), the catalytic-centre activity of the mutationally altered enzyme is higher than that of the wild-type. The individual rate constants evaluated from the stopped-flow experiments can thus explain the different pH dependencies of the steady-state rates of substrate hydrolysis by the two enzymes (Fig. 1) . At pH values between 7 and 8.5, k2>k3 in the reaction catalysed by the U.47 enzyme whereas k2<k3 for the wild-type, thus accommodating the observation ofa transient phase ofproduct formation from the mutationally altered enzyme and its absence with the wild-type under these conditions (Fig. 2) . The variations in the amplitudes of the transient phase with pH can be quantitatively described by the pH dependencies of the individual rate constants.
The rate constant increased by the U.47 mutation (k2) reflects the limiting process in the rate of phosphorylation of the enzyme, which is a conformation change rather than the chemical phosphorylation itself. This assignment requires no qualitative revision on account of the coupling between Pi binding and (1964) . 1974 the conformation change (Bloch & Schlesinger, 1973) . As observed with the wild-type enzyme (Trentham & Gutfreund, 1968) , the same values of k2 were also obtained for the U.47 enzyme with substrates containing leaving groups of different pKa values. By increasing this rate constant and also decreasing therateconstant for the dephosphorylation step, the U.47 mutation facilitates the observation of the phosphoryl-enzyme intermediate. In contrast, the catalytic mechanism of the mutationally altered alkaline phosphatase from E. coli S.19 differed from the wild-type by only a decrease in the rate of the substrate-induced conformation change (Halford et al., 1972b) . The two mutations may therefore be considered as techniques for the observation of different steps in the mechanism of this enzyme. The discussion of why the amino acid substitution introduced by a particular mutation affects the catalytic mechanism in a given manner must await the accumulation of structural information about E. coli alkaline phosphatase; both the primary sequence and the crystallographic structure are under investigation (Kelley et al., 1973; Knox & Wyckoff, 1973) . It is striking that both the greatly decreased affinity for zinc and the altered environment of the bound metal in the U.47 alkaline phosphatase are accompanied by rather discrete changes in the catalytic mechanism. This result is difficult to reconcile with the 'entatic state' theory of Vallee & Williams (1968) in which it was proposed that the unusual geometry of the co-ordination between metal and protein constituted an energetically poised domain that directly lowered the activation energy barrier of the catalytic reaction. From the studies on the wildtype and the mutationally altered alkaline phosphatases, it would appear that no simple correlation can be drawn between the interaction of the metal with the protein and the catalytic efficiency of the enzyme.
The amplitudes of transient product formation in the reactions of the U.47 enzyme indicated between 0.4 and 1.0 active sites/dimer instead of the 1.0 to 1.5 stoicheiometry observed with the wild-type enzyme. The discrepancy between the two enzymes is probably due to the limited recovery of the active form of the U.47 enzyme after the addition of zinc to the inactive apoenzyme. However, the ability to observe with the U.47 enzyme a transient phase in the reaction ofalkaline phosphatase at alkaline pH values extends the range of phosphate ester substrates that can be used in these experiments; the hydrolysis of substituted phenols is most readily observed by absorption spectrophotometry at pH values above the pKa of the parent phenol. Thus on account of the divergent transient amplitudes, the studies with the U.47 enzyme cannot provide direct evidence in support of any particular mechanism for the limitaVol. 141 tion on the stoicheiometry of active sites in the alkaline phosphatase dimer, but experiments with different substrates over a range of pH values may provide indirect evidence about the various models. Two schemes were discussed by Bloch & Schlesinger (1974) as capable of accounting for the observed stoicheiometry and, although not favoured by these authors, could not be excluded. First, it is possible that during the transient phase the alcohol produced by cleavage of the phosphate ester remains bound at the active site and therefore its extinction coefficient measured free in solution would not be applicable in this instance. An intermediate of this type in the reaction of a hydrolytic enzyme (ficin) was detected by Holloway & Hardman (1973) . Secondly, there may be a finite equilibrium between the bound substrate and the products of the reaction at the enzyme active site; provided that this equilibration was rapid compared with the preceding step in the mechanism, the amplitude of transient product formation would be decreased in proportion to the equilibrium constant. An example of the second possibility is found in the adenosine triphosphatase of myosin (Bagshaw & Trentham, 1973) .
But for alkaline phosphatase, both of the above schemes may now be discounted even though the divergence between other suggestions of Bloch & Schlesinger (1974) and the earlier studies of stoicheiometric limitation remain unresolved. In the transient phase of the reaction of pH 8.0 that can be observed with the U.47 enzyme, the same amplitudes of transient product formation were obtained in the hydrolysis of 2,4-dinitrophenyl phosphate, 4-nitrophenyl phosphate and 4-methylumbelliferyl phosphate, the latter monitored by both fluorescence and absorption optics. Thus if the product remained bound at the active site in a special environment that perturbed its spectral characteristics, the site must have the unusual properties of causing an identical perturbation to the extinctions of three products and also cause an equal perturbation to the fluorescence of one of them. Moreover, each extinction is itself determined by both an extinction coefficient and a pKa. Likewise one would expect the equilibrium between bound substrate and products to be dependent on the chemical nature of the products.
It is noteworthy that at the pH optimum of both the U.47 and the wild-type alkaline phosphatases, the catalytic-centre activity of the U.47 enzyme is higher than the native enzyme (Fig. 1) . Thus on the sole criterion of catalytic efficiency, it would have been beneficial for E. coli to have maintained the U.47 point mutation in the structural gene for alkaline phosphatase. However, it should be noted that the zinc concentration required for the generation of catalytic activity from the U.47 apoenzyme is in excess of the tolerance limit of the bacteria for zinc, beyond which the cells cannot sustain growth.
